Only sparse experimental pediatric tissue tolerance data are available for the development of pediatric surrogates and associated injury reference values. The objective of this study is to improve the efficacy of the CRABI series anthropometric test devices by increasing the foundational data used for head injury and skull fracture. To accomplish this, this study evaluated and refined the CRABI-6 injury assessment reference values (IARV) associated with skull fracture by correlating the test device response with the detailed fracture results of 50 infant cadaver drop studies reported by Weber in 1984 and Using the CRABI-6 test device, four 82-cm height free fall impacts were performed onto each of four different impact surfaces: concrete, carpet, 2-cm foam mat, and an 8-cm thick camel hair blanket. Average and standard deviation of peak head linear acceleration and HIC 36 (Head Injury Criteria) were computed for each impact surface. The average CRABI impact response was mapped to the Weber fracture outcomes for corresponding impact surfaces and logistic regression was performed to define a skull fracture risk curve based on exposure. The 5%, 25%, 50%, 75%, and 95% risk for skull fracture correlated with a CRABI-6 peak linear head acceleration of 50, 70, 82, 94, and 114 g's and a HIC 36 of 87, 214, 290, 366 and 493, respectively. This study made use of the most extensive set of controlled infant cadaver head impact and fracture data currently available. Previous head IARVs for the CRABI-6 are given by Melvin (1995) and by Klinich et al. (2002) . Based on a review of pediatric tissue experiments, scaling of adult and child dummy IARVs, and sled tests, Melvin suggested a HIC 22 of 390 and a limit on peak head acceleration of 50 g's. Klinich et al. reported the results of three reconstructions of airbag-related infant head injuries and three additional reconstructions not associated with head injury. They estimated the 50% risk of minor skull fracture to be 85 g's and 220 HIC 15 . These previously reported estimates appear to be in agreement with the results reported from this study for CRABI-6 IARV of 50% risk of skull fracture at 82 g's and 290 HIC 36 .
INTRODUCTION
Defining the mechanisms of injury and the associated tolerance of the pediatric head to trauma has been the focus of a great deal of research and effort. In contrast to the multiple cadaver experimental studies of adult head trauma published in the literature, there exist only a few experimental studies of head injury using human cadaveric pediatric tissue [1] [2] [3] [4] [5] [6] . While these few studies have been very informative, they are limited in the ability to predict overall head injury tolerance by sample sizes, experimental methods, equipment, and study focus. Current estimates of the tolerance of the pediatric head are based on relatively few pediatric cadaver data points combined with the use of scaled adult and animal data. These current estimates of head injury tolerance vary widely and additional refinement of head injury reference values and associated pediatric surrogates would greatly aid designers of future products and in the development and refinement of safety standards.
The Child Restraint Air Bag Interaction (CRABI) series Anthropomorphic Test Device (ATD) are the most widely used pediatric surrogates in the United States for the development and evaluation of automotive safety devices for children under the age of 3 years (models based on the anthropometry of the 6, 12, and 18-month old child are available). The CRABI ATD head was designed in part to meet the head response corridors for occipital and forehead impacts [7] , which were based on scaling the adult head response to the pediatric head. The scaling took into account overall geometry, mass, and bone property differences between the pediatric and adult populations. Recently, Prange et al. [5] directly compared the production CRABI-6 (six month model) head response for 15 and 30 cm drops heights to the results of similar tests conducted using 3 infant cadaver heads (maturity range: 1-11 days). They found that the CRABI head response was similar to the neonate for forehead, vertex and occipital impacts but was stiffer for lateral impacts because of the lack of skin thickness laterally on the CRABI dummy. Based on the results of the Prange study, it appears that the scaling techniques used to develop the CRABI design corridors for forehead and occipital impacts were close in approximating the response of the pediatric head to impact.
While the Prange et al. [5] study is useful for assessing the biofidelity of the CRABI-6 head response, it is limited in its ability to address the currently proposed head Injury Assessment Reference Values (IARVs). In 1995, Melvin [8] proposed head IARVs for the CRABI-6 of 50 g's peak resultant linear head acceleration or HIC 22 of 390. These estimates were based upon a review of biomechanical testing, accident reconstructions, and scaling techniques. More recently, Klinich et al. [9] reported the results of reconstructions of three welldocumented low severity automotive accidents in which a child suffered a contact head injury due to interaction of the child's rear facing child restraint with the deploying airbag. In these crashes, the three children suffered differing degrees of skull fracture and intracranial hemorrhage with two of the children ultimately dying as a result of their injuries. Based on the experimental results of the three injury-associated reconstructions, along with three additional reconstructions that were thought unlikely to cause any significant head injury based on field data, Klinich et al. [9] proposed a provisional IARV for a 50% likelihood of skull fracture of 85 g's and HIC 15 of 220 for the CRABI-6. No additional scientific studies estimating head injury IARVs for the CRABI-6 dummy were located. Additional data or studies that could aid in affirming and/or refining these proposed head IARVs for the CRABI-6 dummy would be useful in assessing the reliability of the test device in predicting head injury for the pediatric population.
While not specific for the CRABI-6 ATD, other researchers have proposed injury reference values for pediatric head injury. Coats et al. [10] and Coats [11] report the results of a computational model of the infant head incorporating the experimental data of infant cranial bone reported in Coats and Margulies [6] . Based on the results of their infant finite element model of a 1.5 month old, Coats [11] estimates a 50% risk of fracture for a 280 N occipital impact. For a head mass ranging from 0.75 kg to 1 kg (approximate average newborn head mass) this yields a peak linear acceleration of 29-35 g's. These results appear to be in contrast with the results of Prange et al. [5] in which no fractures were identified for the 30-cm pediatric cadaver head drops despite average peak head accelerations of 55 g's. It is also unclear how the results of the Coats [11] study relate to the CRABI-6 ATD.
While most infant cadaver head injury studies report the results of only one to three test subjects, the Weber studies of 1984 and 1985 [2, 3] consisted of drop tests using 50 infant cadavers ranging in maturity from newborn to 9 months. The supine test subject was allowed to fall freely from a height of 82 cm (32") resulting in a posterior head and body impact onto one of five different surfaces. Details of the tests are cataloged in Table 1 . The impact surfaces were stone tile, carpet with pad, foam backed linoleum, 2-cm foam rubber mat, and an 8-cm thick folded camel hair blanket. The incidence of fracture was 100% for the "hard" impact surfaces of stone, carpet, and linoleum. However, for the 2-cm foam mat and the 8-cm folded camel hair blanket, the fracture incidence was 10% and 16% respectively. These studies represent the largest collection of controlled laboratory experiments of infant skull fracture reported in the literature to date. Unfortunately, the test subjects and the impact surface were not instrumented so impact force and head acceleration associated with the different impact surfaces and fracture outcome remain undefined. This shortcoming has limited the usefulness of the results in the development of infant skull fracture tolerance levels. A primary goal of this current study is to build on the Weber studies by correlating the reported fracture outcomes for different surfaces with injury metrics that can be quantified using the CRABI-6, thereby providing a renewed evaluation and refinement of the proposed head IARVs for the CRABI-6 ATD. 
METHODS
A CRABI-6 ATD was obtained by rental agreement from MGA Research (Wisconsin). The ATD head was instrumented with three linear accelerometers (Endevco 7264C) and three angular rate sensors (Diversified Technical Systems, Inc., ARS-12K-1KCL). Data were collected at a rate of 10 kHz consistent with SAE J211 convention [12] . Angular rate data were filtered using a channel filter class 180 Hz (CFC180) and were differentiated using a five-point moving linear regression to obtain angular acceleration. As shown in Figure 1 , the dummy was supported 82 cm above the impact surface, as measured from the lowermost point on the head to the top of the impact surface. The support shelf was fixed on one side using springloaded hinges. When the shelf was released by a supporting electromagnet, it rotated out from under the ATD allowing unhindered decent to the impact surface. Five Weber style impact surfaces were selected for use in these tests: concrete floor, textured cut pile carpet (0.9-cm thick), textured cut pile carpet and underlay padding (0.9-cm thick carpet, 1.1-cm thick padding), foam mat (2.0-cm thick; Exervo interlocking mat from Nefitco, Inc., Brattleboro, VT; Density = 30-32 Shore A scale), and a camel hair blanket (Alashan Cashmere, Harrisville, RI) folded multiple times to achieve a total thickness of 8 cm. The surface materials are shown in Figure 2 . Four drop tests were performed on each of the 5 test surfaces. For each of the impact surfaces, the PeakG (Peak Linear Head Acceleration) and HIC 36 were calculated.
Due to differences between the CRABI impact surfaces and the Weber impact surfaces, three separate injury risk models were constructed to map the incidence of skull fracture in the Weber studies (Table 1) to the head response data from the CRABI. The modeled datasets, Model 1, 2, and 3, were designed based on varied assumptions about the similarities and differences between the impact surfaces of the two studies. For example, the Weber carpet and pad were both approximately 0.3-cm thick, whereas the CRABI carpet and pad were thicker at 0.9 and 1.1-cm thick, respectively. Additionally, no foam backed linoleum surface was tested in the CRABI study since no surface matching that description could be located. Due to these differences, the data for Model 1 did not include the results of the Weber carpet and linoleum testing. Specifically, Model 1 data were comprised of 40 Weber-CRABI test results (data points):
-5 fractures from Weber stone tile were mapped to the average of the CRABI PeakG and HIC 36 for the concrete surface, -1 fracture and 9 non-fractures from Weber mat were mapped to the average of the CRABI PeakG and HIC 36 for the mat surface, and -4 fractures and 21 non-fractures from Weber blanket were mapped to the average of the CRABI PeakG and HIC 36 for the blanket surface. The specifics of the mapped datasets are shown in Table 2 . Models 2 and 3 were formed in an effort to include all the fracture results of Weber (including the linoleum and carpet surfaces) and still account for differences in the impact surfaces between the Weber and CRABI experiments. These models were designed to represent an upper and lower bound for the derived injury risk curve by overestimating and underestimating the hard surface response data. Model 2 (50 Weber-CRABI test data points) was formed to overestimate the dummy response for corresponding the Weber surface. The 15 Weber hard surface results (stone tile, linoleum, carpet/pad), all fractures, were mapped to the CRABI concrete floor results. Since the CRABI concrete surface was likely harder that the Weber linoleum and carpet/pad, the resulting mapped CRABI response was an overestimate of the response if it had been dropped on the actual Weber surface. In contrast, Model 3 (50 Weber-CRABI test data points) was formed to underestimate the dummy response. The Weber linoleum results were mapped to the CRABI carpet results, with the Weber linoleum likely a harder surface than the CRABI carpet. Also, the Weber carpet/pad results were mapped to CRABI carpet/pad results, with the Weber carpet/pad likely harder than the CRABI carpet/pad since the CRABI carpet pad was more than 3 times thicker than the Weber carpet/pad. Thus, for Model 3, the CRABI response represents an underestimate of the PeakG and HIC 36 compared to if it had impacted the actual Weber surface for linoleum or carpet/pad. Models 1, 2 and 3 were analyzed using binary logistic regression of the dependent variable (outcome: skull fracture/no skull fracture) and two independent variables (predictors: PeakG, HIC 36 ). This yielded six logistic regressions, with Models 1, 2, and 3 analyzed for each of the two independent variables. The analyses were performed using a commercially available statistical software package, SPSS, Inc.
The significance of each Model was assessed using Model Chi-square (X 2 ), Wald X 2 , and the corresponding p-values. Significance levels were set at p < 0.05 (95% confidence level), where p-value below 0.05 indicated the Model explained more about the existence of skull fracture with the predictor included as compared to a constant value without the predictor. If there was a significant relationship between the predictor and outcome variables, the logistic regression results were used to construct injury risk curves (models) for the expected probability of the outcome (e.g., skull fracture) for a given value of the predictor variable (e.g., PeakG, HIC 36 ). Injury risk model calculations were based on the form, Upper and lower bounds, at 95% confidence intervals, were also calculated for each injury risk model.
The -2 log likelihood statistic (-2LL) was used to compare the Models' goodness-of-fit. Because the data groups were mapped to an average surface response (example: Weber concrete to average CRABI concrete response), statistical anomalies were produced: variance between outcome-response mapped data for the different tested surfaces, but no variance within a given set of outcome-response for any given surface. Given an ideal dataset, derived from a single experiment, the outcome-response data would show variance within and between the tested surfaces. With this data limitation, the goodness-of-fit statistics (e.g., -2LL) are likely influenced by the lack of within group variation, and only crude indicators of model fit.
RESULTS
Average and standard deviation for PeakG, HIC 36 , and peak head angular acceleration for each of the five impact surfaces are given in Table 3 . The surface order from the highest magnitude response to lowest for PeakG and HIC 36 was: concrete, carpet, carpet/pad, foam mat, and the camel hair blanket. For all impact surfaces, the average response value for PeakG was above the head IARV of 50 g's proposed by Melvin [8] for the CRABI-6 dummy. The resulting time windows used for calculating the HIC 36 for concrete, carpet, carpet/pad, foam mat, and blanket were 7.3, 8.7, 11.5, 13.0, and 10.0 respectively. Thus HIC unlimted = HIC 36 = HIC 22 = HIC 15 for the posterior head impacts reported in the present test series.
While the focus of this study was to address the IARV's for skull fracture, it is interesting to note the angular acceleration responses shown in Table 3 . The magnitude of the average angular acceleration varied from 4.1 krad/s 2 for the blanket to 12.7 krad/s 2 for the concrete surface. The variation in angular acceleration also increased dramatically with increased surface hardness, with standard deviations of 36% of the average response for the concrete compared to only 7% and 12% for the foam mat and blanket surfaces respectively. For adults, in 1975 Lowenhielm [13] suggest a tolerance level of 4500 rad/s 2 as threshold level at which subdural hemorrhage is unlikely. 2 when associated with changes in angular speed of 40 rad/s. For shorter-duration impacts of less than 10 ms, the tolerance of subdural hematoma was suggested to be 10,000 rad/s 2 . These shorter-duration impacts were representative of an impact to the back of the head associated with falls and had similar impact durations to the cement and carpet falls in this study. Currently there are no generally accepted methods to scale the adult IARV's for angular acceleration and duration to the child due to competing reasons based on geometry and tissue properties to both scale up and down the adult thresholds [16] . Despite these limitations, these IARVs indicate that falls from 82 cm for children could result in rotation-induced trauma that likely represents a nontrivial risk of subdural hemorrhage in addition to skull fracture.
The injury risk models for the prediction of skull fracture are shown in Figures 3 and 4 . Logistic regression results indicated that HIC 36 and peak head acceleration were good predictors of fracture, demonstrating both model and variable significance (Table 4) .
When comparing the risk curves for Models 1 and 2, the additions of the Weber linoleum and carpet fracture data in Model 2 increased the slope of the injury risk curve, resulting in a smaller transition range from low to high fracture risk. While Model 2 predicted higher fracture risk for similar PeakG and HIC 36 than Model 1, Model 2 is still likely an underestimate of the actual injury risk. This is because Weber's stone tile, linoleum, and carpet/pad fracture results were all mapped to the CRABI concrete results. This skewed the fracture prediction of the logistic regression to the right (artificially higher PeakG and HIC than if the CRABI had been dropped on the actual Weber surfaces of carpet and linoleum) resulting in an underestimate of the fracture risk. In contrast, Model 3 likely represents an overestimate of the fracture risk for a given exposure, since the Weber linoleum fracture results were mapped to the CRABI carpet results (linoleum likely being harder than carpet) and the Weber carpet/pad fracture results were mapped to the much thicker CRABI carpet/pad results. Thus, for Model 3, the fracture risk curve was likely skewed to the left resulting in an overestimate of fracture risk for a given exposure. To account for the under and overestimation of injury risk of Models 2 and 3, the average of the two models was calculated. Table 5 shows the average of Models 2 and 3 along with the acceleration and HIC 36 values predicted by the individual Models 1, 2, and 3 for fracture risk levels of 5%, 25%, 50%, 75%, and 95%.
DISCUSSION
The CRABI series pediatric crash test devices are one of the most commonly used test devices in the world for the assessment of pediatric head injury. The primary goal of this study was to evaluate and refine the current head IARV's associated with the CRABI-6 ATD by combining the fracture results of the Weber studies with the head response metrics of the CRABI-6 dummy.
Melvin (1995) suggested head IARV's for the CRABI-6 of 50 g's and HIC 22 not to exceed 390. The acceleration level of 50 g's was designated as primary, such that even if accelerations of short duration (less than 22 ms) resulted in HIC less than 390, the peak acceleration of the pulse must still be under 50g's. Based on the CRABI reconstructions of the Weber tests, the 50 g's IARV of Melvin represent approximately a 5% risk of skull fracture. It appears that the techniques used by Melvin were successful in identifying a low injury-risk exposure level. Indeed, many current IARVs for the Hybrid III series of ATDs are identified at the 5% injury risk level [17] .
More recently, Klinich et al. [9] proposed a 50% risk of skull fracture to occur at a peak head acceleration of 85 g's and a HIC 15 of 220, based in part on the reconstruction of three traffic accidents resulting in head injury to a pediatric occupants. Within the study reported here, the 50% risk for skull fracture corresponded to a peak head acceleration of 82 g's and 290 HIC 36 . While similar for peak head acceleration, the IARV for HIC proposed by Klinich et al. is substantially less than that found in this study and much less than the 390 HIC 22 proposed by Melvin (1995) . This variation may in part be due to the different windows associated with the HIC calculation. While in this study, the HIC unlimted , HIC 36 , HIC 22 , and HIC 15 were all equal, this is unlikely to be the case in many other impact scenarios such as interaction with a deploying airbag combined with an overall vehicle crash pulse. Since there seems to be better agreement for the PeakG IARV than the HIC, it is suggested, similar to the reasoning expressed by Melvin, that the primary head IARV for the CRABI-6 be a limit on the PeakG with the HIC being secondary.
Prange et al. [5] reported that 30-cm drops of three neonate cadaver heads resulted in no fractures. When performing the 30-cm drop with the CRABI-6 head on the same experimental test fixture, they reported an average peak head acceleration of 66 g's and a HIC of 127 for impacts in the sagittal plane where the CRABI-6 response was biofidelic. The risk model from the current study indicate that there would be between a 5% to 25% risk for skull fracture for such an exposure (Table 5 -Average of #2 and #3), yet no fracture was identified in the Prange study. This apparent discrepancy could be due several different factors. One factor that should be considered is that the Prange study's test subjects ranged from 1 to 11 days maturity while the test subjects from the Weber studies ranged from newborn to 9 months. It is possible that the more flexible nature of the immature skulls in the Prange study as compared to the Weber studies allowed the skulls to absorb the impact without fracture. Another possibility is that the lack of fractures observed in the Prange study was simply due to the small sample size of three test subjects. If the fracture risk was 25%, one would expect that only 1 in 4 drops on average would result in fracture. Since the current study predicts skull fracture to occur at less than a 25% rate for the Prange study's 30-cm drop, it is certainly possible that the lack of a fracture outcome in the Prange study is simply due to the small sample size.
One limitation of the current study was the ability to replicate the actual Weber impact test surfaces in the CRABI testing. Ideally, the Weber surfaces would have been fully documented or stored so that they could be tested again using the current test device or a new surfaces could be confirmed as precise matches to the original Weber surfaces. Unfortunately, the only currently available information regarding the Weber surfaces was reported in the original publications. Based on the published description of the impact surfaces, commercially available surfaces approximating the Weber surfaces were obtained. In an effort to account for differences between the Weber surfaces and those used in the CRABI testing -three mapped datasets were constructed and analyzed to assess the influence of overestimating or underestimating the hardness of the Weber surfaces. However, there is not sufficient information to know how closely matched the blanket or mat used in the CRABI testing were to those used by Weber. If Weber's blanket and mat were much more protective than the ones used in the CRABI tests, the predicted fracture risk for a given HIC or peak acceleration would be underestimated by this study. Given that no fractures were found in the Prange study, it is unlikely that the current study considerably under predicts the fracture risk at acceleration levels of 60-70 g's. Similarly, given the sizable difference in fracture incidence in the Weber studies for the hard surfaces (carpet/pad, linoleum, and stone tile -15/15 fractures -100%) and the soft surfaces (mat and blanket -5/35 -14%), and the known variation of biological tissue and fracture thresholds between subjects, it is unlikely that the response of the blanket and the mat were substantially stiffer, or the fracture incidence would not have been so dissimilar between groups. Further, the results of this study for a 50% fracture risk of 82 peak g's is remarkably similar to the 85 g proposed by Klinich et al. [9] for 50% risk. Another limitation of this study is a byproduct of a limitation of the Weber studies. Weber does not detail the storage methods used for the infant cadavers used in his testing. Extensive dehydration, and, in some cases, embalming can result in increased brittleness of bone. In contrast, proper freezer storage can maintain the response of bone effectively [18] . Given the reports of short falls resulting in skull fracture in the literature [11, 19, 20] and the consistency of the results of this study with Klinich et al. [9] it appears that the Weber cadaver fracture response was representative of the population and that storage was not a significant factor.
CONCLUSIONS
Current IARV estimates for infant head injury and, specifically, for skull fracture are based on scaling techniques and sparse experimental data. This study builds upon the Weber studies [2, 3] which contain the most extensive set of controlled infant cadaver head impact fracture data currently available. By relating the Weber cadaver fracture response to the CRABI-6 dummy head response for similar impact conditions, IARVs based on peak head acceleration and HIC were defined. The 5%, 25%, 50%, 75%, and 95% risk for skull fracture correlated with a CRABI-6 peak linear head acceleration of 50, 70, 82, 94, and 114 g's and a HIC 36 of 87, 214, 290, 366 and 493, respectively. This study represents a substantial increase in the foundational data underlying the current estimates for infant skull fracture tolerance. The methods used in this study to relate the ATD head response with the Weber fracture results could also be used to improve the efficacy of other pediatric head injury assessment test devices.
